OBJECTIVES: To assess reproducibility, expressed as both inter-observer variability and intra-observer variability, of fat area measurements on images obtained by magnetic resonance (MR); to compare variability between fat area measurements, calculated from a single image per body region and from the average fat area of three images, and to determine reproducibility of image acquisition at the abdominal level. SUBJECTS: Thirty young, non-obese subjects (reproducibility of image analysis) and nine young, non-obese subjects (reproducibility of image acquisition). METHODS: Three MR images at the level of the abdomen (in 30 subjects) and at the level of the hip and thigh (in 14 of them). Quanti®cation of subcutaneous fat depots (abdomen, hip and thigh) and visceral fat depots using an imageanalyzing computer program. Assessment of variability of image analysis for fat area measurements between two observers and within observers. Assessment of reproducibility of image acquisition at the abdominal level (in nine subjects). RESULTS: Subcutaneous fat areas in all body regions were quanti®ed with coef®cients of variation (CV) ranging from only 2.1%±4.9%. By contrast, visceral fat area measurements showed markedly higher CVs (range: 9.4%±17.6%). Moreover, relative variability was much larger in small visceral fat areas (CVs up to 25.6%). The majority of CVs, calculated for intra-observer variability and calculated from the average fat area measurements of three images, was lower than calculated for inter-observer variability and for one single image, respectively. In particular, for the visceral fat depot, this reduction in variability had practical consequences for the number of subjects required for a study. Variation of repeated image acquisition was in the same range as variation of repeated measurements on the same image. CONCLUSION: One image per body site is suf®cient to obtain a reliable estimate of subcutaneous fat depots. For estimations of the visceral fat depot, the average area measurements of three images reduces variability and increases statistical power. The availability of one single experienced observer during a study adds to accuracy.
Introduction
It is now generally well accepted, that the regional distribution of adipose tissue is a risk factor in several diseases such as non-insulin-dependent diabetes mellitus, hypertension, coronary heart disease and stroke. 1±3 In particular, the amount of intraabdominal or visceral fat is regarded as an important health risk factor. 4±7 The localization and quanti®cation of adipose tissue is, therefore, of importance in assessing and predicting increased health risks. A number of methods and techniques are used for the measurement of fat distribution including anthropometry, ultrasound, computed tomography (CT) and magnetic resonance imaging (MRI). Comparative studies, however, indicate that those methods differ considerably in terms of accuracy, technical expenditure, reproducibility and safety for the subject. 8±13 CT has been demonstrated to be an excellent technique for measuring visceral fat, 14±16 however, the exposure to ionizing radiation, does not allow a wide or repeated application in healthy subjects.
To avoid radiation exposure and to allow repeated measurements in subjects during an intervention, MRI has increasingly been described as an alternative method to CT to quantify visceral fat. 17±26 With this method, the subject is put into a strong magnetic ®eld and then exposed to a radio frequency which, under normal circumstances, does not bear any known risk for the subject. 27, 28 Since the longitudinal relaxation time (T1) of adipose tissue is rather short compared to that of most other tissues, 14, 27, 28 fat depots give a good signal contrast when appropriate imaging parameters are chosen. Comparisons with CT 29, 30 and other methods for estimating body fatness 8±11 have shown that MRI gives valid estimates of the amount and distribution of body fat. This was con®rmed by validation studies in humans 31 and in pigs 32 from cadaver analysis.
However, MR image acquisition in itself and the quanti®cation of areas from images can introduce measurement errors. 12, 22, 33 In comparison with CT, MRI has a longer acquisition time which makes this technique more susceptible to artefacts from respiratory and bowel movements. Moreover, MR pixel intensities are less useful than CT attenuation values. In particular, the abdominal region is affected by these artefacts, which may lead to errors in fat classi®cation. 12, 22 This contributes to the variability and impairs reproducibility of measurements. This prompted us to assess inter-observer and intra-observer variability of fat area measurements on MR images, obtained at different body sites in young, non-obese subjects. We also compared variability between fat areas calculated from a single image and from the average of three images per body region and assessed reproducibility of image acquisition at the abdominal level.
Subjects and methods

Reproducibility of image analysis
Subjects. Images were obtained from 30 ). The study population consisted of 16 students (seven women and nine men) who participated in a scienti®c education program and 14 transsexual subjects before cross-sex hormone treatment (11 female-to-male and three male-tofemale transsexuals). The transsexual subjects participated in a prospective study to investigate the effect of cross-sex hormone administration on body fat distribution as assessed by MRI. All subjects gave their informed consent and the study was approved by the ethical review board of the Hospital Vrije Universiteit, Amsterdam.
Image Acquisition. MRI was performed on a 0.6T Imager (Teslacon II, Technicare, Solon, OH, USA). For good image contrast between adipose and other tissues, an inversion recovery pulse sequence was used with a repetition time (TR) of 524 ms, an echo time (TE) of 24 ms and an inversion time (TI) of 190 ms. These parameters were derived from those which yield optimal contrast when a 1.5T imager is used. 29 Six sequence repetitions were used to reduce motion artefacts. Slice thickness was 10 mm, and the MR image matrix was 2566256 pixels. Sagittal and coronal localizers were obtained to determine precisely the anatomical sites for image acquisition. The three anatomical markers selected were the lower edge of the umbilicus (abdomen, comparable to the vertebral L4-L5 level), the upper margin of the great trochanter (hip) and the level just below the gluteal fold (thigh). In the 14 transsexual subjects, images were obtained at all three markers and in the 16 students, at the abdominal level only. At each body region, three images were taken simultaneously: one at the level of the marker, one above and one below this position, with a gap between the images of 0.25 cm. The ®eld of view was 410 mm for abdominal images and varied between 410 and 500 mm for images at the level of the hip and thigh depending on the size of the subject.
Image analysis. Image analysis was performed on Sun workstations (Sparc 10, Sun micro-systems, Palo Alto, CA, USA) using an image-analyzing computer program developed at the Department of Biomedical Engineering at the Hospital Vrije Universiteit, Amsterdam. This program is based on a seed-growing procedure and allowed us to quantify digital imagedata in a fast and userfriendly way. All procedures such as visualization, contrast setting and delineation of areas, were carried out with a mouse. An image intensity histogram re¯ected the number of pixels for each signal intensity value (grey level histogram). With the parameters discussed above, the histogram typically showed two peaks. The left peak (relatively weak signals) represented all the pixels from nonadipose tissue and background, and the right peak (relatively strong signals) represented adipose tissue. 21 To visualize mainly adipose tissue, contrast and brightness were adjusted by the observer to correspond to the pixel intensity range in the histogram. On the resulting image, fat depots were visible as white areas. These areas were the regions of interest and had to be delineated and measured.
To quantify fat areas, a starting pixel (seed point) in a particular fat depot had to be de®ned. The neighbouring pixels of this seed and their adjacent pixels which lie between a selected upper and a lower signal intensity value, were automatically included in the delineation of the fat area. In contrast to CT, MR does not provide absolute signal intensity information. 12, 22 Fat gives the highest signal intensity, but its absolute intensity varies from image to image and from individual to individual. Therefore, the upper and lower intensity thresholds were selected for each image separately by a visual inspection with the help of the intensity histogram, in order to include the entire adipose tissue area. On one image several fat areas could be quanti®ed simultaneously, by placing a new seed point elsewhere, according to the distribution of fat. The fat areas were calculated by converting the number of pixels to cm 2 . To separate the area measurements of subcutaneous abdominal fat and visceral fat, a contour line was drawn in the abdominal cavity. By assigning different colours to each abdominal fat depot, it was possible to separate the calculations of the fat areas.
For the assessment of inter-observer and intraobserver variability, all images were independently analyzed by two observers (GH and JMHE) and each observer performed a second measurement on the same images after several months, without reference to the previous data. At the start of the study, observer 1 (GH) was less experienced than observer 2 (JMHE).
Reproducibility of image acquisition at the abdominal level
To assess variability introduced by image acquisition at the abdominal level, nine subjects (four female-tomale transsexuals and ®ve male-to-female transsexuals) were studied. ). Due to technical reasons, this part of the study was performed using a MR imager with a magnetic ®eld strength of 1.0T (Magnetom Impact Expert, Siemens, Erlangen, Germany). An inversion recovery pulse sequence was used (TR, 700 ms; TI, 300 ms and TE, 20 ms) with a slice thickness of 12 mm and a ®eld of view of 400 mm. Three MR images were obtained at the abdominal level: one at the lower edge of the umbilicus, one above and one below this position.
Subjects were scanned twice on the same day, after repositioning, using the same parameters and ®eld of view. Image analysis was performed by observer 2 (JMHE) using the same procedure as described above. In this group, the total area at the abdominal level was also measured, to study whether images were taken at the same level.
Statistics
Fat area measurements per body region are expressed as mean AE s.d. (in cm   2 ). The paired sample t test was used to test differences in the two measurements of each observer and in measurements between the two observers.
To assess reproducibility of image analysis, coef®-cients of variation (CV) for the inter-observer and intra-observer variability, were calculated. The CV expresses the s.d. as a percentage of the sample mean (CV {s.dasample mean}6100%). 34 The variation between measurements on one image was assessed by analysis of variance.
The variation in repeated measurements of one observer, is also described by the repeatability coef®cient. 35 When the mean of the differences is not signi®cantly different from zero, 95% of the differences are expected to be less than two standard deviations. The s.d. of the difference (d ) was calculated from the square root of the sum of the squared differences divided by the number of repeated measurements n:
For the assessment of agreement between the two observers and agreement of repeated image acquisition, a method described by Bland and Altman 35 was used. They proposed that the degree of agreement can be summarized by calculating the bias, estimated by the mean difference (d ) and the s.d. of the differences (sd ). When the differences are normally distributed, it is expected that 95% of the differences lie between d 72 sd and d 2 sd (95% limits of agreement).
For practical reasons, the required sample size was calculated in order to test a change within subjects of 10% or 15% in the visceral fat area using a 0.05 (two-sided) and b 0.10 according to Lachin. 
Results
Reproducibility of image analysis
Area measurements of different fat depots. Since only young non-obese subjects participated in this study, visceral fat areas were small (mean: 26 AE 12 cm 2 , range: 8±57 cm 2 ). The smallest subcutaneous fat areas were measured at the abdominal level (mean: 125 AE 69 cm 2 , range: 21±318 cm 2 ). Measurements at the level of the hip and thigh were performed in 11 female subjects and three male subjects and the mean subcutaneous fat areas were 161 AE 64 cm 2 (range: 63±253 cm 2 ) at hip level and 228 AE 81 cm 2 (range: 102±326 cm 2 ) at thigh level. Table 1 shows the mean AE s.d. and the mean difference AE s.d. of the two fat area measurements per observer and the intra-observer variability, expressed by the CV and the repeatability coef®cient (RC). All variables were separately calculated for a single image at the level of the marker and for the average of three images. Between the two observers, a signi®cant difference was present for the area measurements of the subcutaneous fat depots at the abdominal and hip level, probably due to a consistent measurement error between the observers. For subcutaneous fat area measurements CVs were low, ranging from 2.1% to 3.8% and RCs were lowest at the abdominal level. The highest coef®cients were observed for the measurement of the visceral fat area (range: 9.4%±13.8%). For most area measurements, variability and repeatability improved when the average measurement of three images was taken. At the start of the present study, observer 1 was less experienced than observer 2 in measuring fat areas using the image-analyzing computer program. This is re¯ected in a generally lower intra-observer variability for observer 2 at all levels measured, compared to observer 1, as is shown in Table 1 . However, for both observers CVs calculated for the average of three images per body region are lower compared to CVs calculated for a single image, except for the subcutaneous abdominal fat depot for observer 1 (2.7% vs 2.6%, respectively) and the visceral fat depot for observer 2 (9.8% vs 9.4%, respectively). Table 2 shows the mean AE s.d. and the mean difference AE s.d. of the ®rst measurements (measurement 1) and the second measurements (measurement 2) of both observers and the inter-observer variability, expressed by CV and the limits of agreement as described by Bland and Altman. 35 Calculations were made for a single image at the level of the marker and for the average measure of three images. The mean AE s.d. of the fat area measurements, did not differ between the groups. Inter-observer variability, for subcutaneous fat expressed by CV, ranged from 3.0%±4.9% and the degree of agreement between the observers did not show large variations between the groups. Variation was highest for the visceral fat depot with CVs ranging from 11.2%±17.6% and this variation was reduced, when the average of three images was used. For all fat area measurements, inter-observer variability was higher than intra-observer variability, especially when the ®rst measurements of both observers (measurement 1) were considered. A better agreement was achieved when the second measurements of both observers were compared, judging from the lower CVs and a smaller range for the limits of agreement in measurement 2. Apparently, experience of both observers increases the comparability of the area measurements. The improvement in reproducibility between both observers is most obvious for the visceral fat depot. For measurement 1, CVs for visceral area measurements were 17.6% for a single image and 15.8% for the average of three images. For measurement 2, these CVs were 13.6% and 11.2%, respectively.
Sample size determination. For practical reasons, the mean, and variation between, area measurements of the visceral fat depot were used for sample size determinations, to test the effect of a reduction in variation on the required sample size. For the intraobserver variability of observer 1 (Table 1) , CV was reduced from 13.8% for a single image to 10.3% for the average measure of three images. This decrease in variation reduced the required sample size from 41 subjects to 23 subjects ( % 44%) for detecting a difference of 10%. For observer 2, no difference in variation was present between measurements from a single image and from the average of three images.
For inter-observer variability of measurement 1, the required sample size was reduced by approximately 20% (from 66 to 53 subjects) when the average of three images was taken to detect a change of 10% (Table 2) . For measurement 2, this reduction was 32.5% (from 40 to 27 subjects).
Variability related to the amount of visceral fat. In order to estimate the relation between measurement variability and the size of the visceral fat depot, intra- (18) 23 (10) 19 (9) 21 (10) Values are expressed as mean AE s.d., units in cm 2 , except for coef®cients of variation (CV) (in %) and sample size (number of subjects).
* P`0.01 (paired sample t test), ** Required sample size to test a change within subjects of 10% or 15% (in parentheses) in visceral fat area (a 0.05 and b 0.10). 36 sc subcutaneous, mean diff mean difference between the two measurements, n 30 for abdominal images and n 14 for images at the level of the hip and thigh. RC repeatability coef®cient.
observer (Table 3a) and inter-observer (Table 3b) variability for a single image and for the average of three images were given separately for visceral fat areas smaller and larger than the mean value of 26 cm 2 . For both intra-observer and inter-observer variability, relative variability expressed as CV was much higher for fat areas smaller than 26 cm 2 (CVs between 14.2% and 15.9% for intra-observer variability and 19.7% and 25.6% for inter-observer variability) than for fat areas larger than 26 cm 2 (CVs between 7.0% and 12.4% for intra-observer variability and 6.9% and 13.8% for inter-observer variability). This difference in variability had marked consequences for the required sample size to detect a change of 10% or 15% in the visceral fat depot. The differences were smaller when the absolute variation expressed as RC or the limits of agreement were considered. Table 4 shows the data on reproducibility of repeated image acquisition in the same subjects. CVs were lowest for measurements of the total area and were highest for the visceral fat area. In general, CVs were lower when compared to Table 1 and Table 2 . However, this group was somewhat older and presented with more subcutaneous abdominal fat and visceral fat compared to the group for reproducibility of image analysis. The absolute variation of repeated image acquisition in the same subject was in the same range as the variation of repeated measurements on the same image.
Reproducibility of image acquisition
DISCUSSION
Studies aiming to investigate changes in regional fat distribution during an intervention, rely on MR images of fat depots for quanti®cation. Therefore, it is pertinent to assess the reproducibility of MR fat area measurements.
Reproducibility of fat area measurements may refer to variability at the level of image analysis or image acquisition. This distinction is not always clearly made in the literature. Variability associated with image analysis re¯ects reproducibility of fat area measurements on a given image. This type of variability can be subdivided into variability occurring when the same image is analyzed by one observer (intra-observer variability) and variability occurring when several observers perform measurements on the same image (inter-observer variability). On the other hand, reproducibility of image acquisition combines both variability occurring when repeated images are made in one subject, as well as variability associated with image analysis.
The CVs for the reproducibility of fat area measurements found in our study, are close to those given in the literature. Studies have consistently reported higher reproducibility for subcutaneous fat compared to nonsubcutaneous fat. For measurements of subcutaneous fat areas, most studies 18, 19, 24 report CVs of less than 5% and one study 29 a CV of 10%. The CVs reported for visceral fat area measurements are 5.5% 24 , 9% 18, 19 and 15%
29
. One study 20 found a coef®cient of variation of 0.9% for subcutaneous, and 2.3% for visceral fat area determinations. However, (29) 53 (24) 40 (18) 27 (12) Values are expressed as mean AE s.d., units in cm 2 , except for coef®cients of variation (CV) (in %) and sample size (number of subjects). n 30 for abdominal images and n 14 for images at the level of the hip and thigh.
* Required sample size to test a change within subjects of 10% or 15% (in parentheses) in visceral fat area (a 0.05 and b 0.10). 36 sc subcutaneous, mean diff mean difference between the two measurements.
the existing studies generally do not report separately inter-observer and intra-observer variability or state clearly how repeated measurements were performed. These uncertainties put some limitations to the comparability between our results and those of other authors. Moreover, the degree of adiposity of the subjects differed between the studies, which may have an effect on the relative variability of repeated fat area measurements.
The estimation of visceral fat, usually bears a higher degree of variability than estimations of subcutaneous fat, especially in young non-obese subjects who, in general, have only small amounts of visceral fat. While subcutaneous fat is visible as a compact and well de®ned mass, visceral fat is often irregular with sometimes fuzzy borders. These borders are associated with partial volume effects and movement artefacts caused by respiration and peristaltic movements which lead to a higher degree of misclassi®ca-tion of pixels into certain tissue types. 12, 22 Because these problems are of less importance in subcutaneous fat, the coef®cients of variation for fat area measurements of different subcutaneous body sites are much smaller.
It has been suggested that, the movement artefacts could be reduced by signal averaging (the average signal of a number of acquisitions). Zhu et al 33 reported a small improvement in the accuracy of MR area measurements by increasing the number of averages. Ross et al 22 tested the effect of averaging on a group of three rats using one, two and four sequence repetitions. They found no signi®cant differences in adipose tissue volume determined from two or four averages. As the use of an increasing number of signal averages requires a longer MR acquisition time, this technique seems not very ef®cient in reducing the effects of motion artefacts.
In the present study, the variability by averaging fat area measurements of three images per body region was compared to variability for a single image. For each body region, CVs were smaller when calculated for the average fat area measurements of the three images, than when only a single image was considered. Thus, fat area measurements are less affected by (15) 14 (7) 12 (6) 11 ( (18) 26 (12) 17 (8) 11 (5) Values are expressed as mean AE s.d., units in cm 2 , except for coef®cients of variation (CV) (in %) and sample size (number of subjects). n 15 for areas`26 cm 2 and n 15 for areas ! 26 cm 2 . *Required sample size to test a change within subjects of 10% or 15% (in parentheses) in visceral fat area (a 0.05 and b 0.10). 36 Mean diff mean difference between the two measurements. RC repeatability coef®cient. RC repeatability coef®cient.
variability the more images are taken in a particular body region for fat area quanti®cations and subsequently averaged.
For subcutaneous fat area measurements, interobserver and intra-observer variability were small and only a slight difference in variability was observed when the mean of three images was compared to a single image at the level of the marker. This suggests that for quanti®cation of subcutaneous fat areas, one scan per body region is suf®cient to obtain a reliable estimate of this fat depot. Observer 1 had less experience in performing fat area measurements compared to observer 2 at the start of the study. It seemed that for inexperienced observers, reproducibility can be improved by taking the average of three images. Moreover, the results in Table 2 show that the variation between observers was higher for measurement 1 than for measurement 2. Apparently, experience of both observers can improve the agreement between area measurements, but consistent bias between observers has to be taken into account.
In contrast to subcutaneous fat depots, both interobserver and intra-observer variability were much higher for area measurements of the visceral fat depot. If one is interested in prospectively determining changes in this fat depot, in particular in young nonobese subjects, then the variability between measurements should possibly be reduced to a minimum. Variability expressed in CVs was reduced when the mean of the three images was taken. This implies that for quanti®cation of the visceral fat depot, the average of three abdominal images would reduce variability between measurements, increase statistical power and thus reduce the number of subjects needed in a (prospective) study. Moreover, to improve comparability between the results, all area measurements of this fat depot should be done by the same experienced observer.
In the present study, variability of repeated image acquisition at the abdominal level was also assessed. Variability in visceral fat areas after repositioning the same subject is expected to be mainly due to partial volume effects. Because of the location of different anatomical structures in the abdominal cavity and the intestinal movement, pixels contain more than one tissue and the signal intensity of those pixels is weaker (both fat and nonfat intensities). The results of repeated image acquisition in the same subject show that the variation is in the same range as variation of repeated measurements on the same image. This suggests that variation introduced by image acquisition, when performed under the same conditions and by the same experienced observer, is not higher than variation in image-analysis only.
There are several factors that contribute to the variability of fat measurements on MR images. Firstly, large fat areas will be relatively less affected by measurement errors than small ones. 18, 24, 29 In our study, CVs for visceral fat area measurements were lower in the subject group presenting with the larger visceral fat depot. However, absolute variability expressed as limits of agreement did not show such a large difference. Similarly, one study reported a measurement error of 5.2% in subjects with a percentage body fat b 30%, while the error was 9.7% in subjects with less body fat. 18 Thus, relative variability of fat area assessments will generally be lower in obese than non-obese subjects. Zhu et al 33 compared accuracy of area measurements between CT and MRI with the use of phantoms and reported a great loss of contrast for tubes with a diameter of 5 mm on MR images. Smaller errors were obtained on CT images which did not show this loss of contrast. They suggested that this was due to the smaller pixel size in the CT images. The pixel area, which represents the smallest area identi®able as fat, limits the quanti®ca-tion of fat areas. So, secondly, differences in pixel size can affect the accuracy of area measurements and also comprises the problem of partial volume effects as described above. Thirdly, inhomogeneities in the magnetic ®eld can result in different absolute signal intensities of fat within the same image and between images. This makes fat detection by ®xed threshold values more dif®cult 18, 22, 33 and less objective criteria are mostly used in MR image-analysis. To minimize errors of fat classi®cation, in particular of the visceral fat depot, all measurements should be performed by the same experienced observer. Fourthly, the investigation is in¯uenced by the quality of the images which can be poor due to movements when breathing, of blood¯ow and peristalsis, especially when the imaging time is long. 12, 18 Awareness of the restrictions and possible sources of errors will help to keep variability at a low and acceptable level. (7) 6 (3) Values are expressed as mean AE s.d., units in cm 2 , except for coef®cients of variation (CV) (in %) and sample size (number of subjects).
The results of the present study have some practical implications. The reproducibility of subcutaneous fat area measurements on MR images using a computerized image-analyzing program is high (CVs below 5.0%). Therefore, it is concluded that one image per body region is suf®cient to obtain a reliable estimate of subcutaneous fat depots. Measurements of visceral fat areas have a larger variability (CV between 9.4%± 17.6%) and relative variability was even higher for small visceral fat areas (CVs up to 25.6%). In general, the visceral fat depot is more subject to measurement errors, which leads to increased misclassi®cation of pixels. Variability in this fat depot, can be reduced when the average area of three images is taken and when the measurements are performed by the same experienced observer. These reductions in variability increase statistical power and have practical consequences for the required sample size in a study.
